We examine quality factor and sensitivity change depending on the resonant wavelength changing refractive index of surrounding liquid for TiO2 photonic crystal slab structure. Photonic crystal slab structure is used widely for biological materials such as proteins, antigens, DNA, cells, virus particles and bacteria. Mentioned photonic crystal slabs are usable with large-area biosensor designs. They permit direct access to externally incident optical beams in a microuidic device. Model calculations are based on two-dimensional periodic crystal structure. Photonic crystal slab consists of a square lattice of air holes in a nite-thickness dielectric slab. The time domain simulations were implemented by software MIT Electromagnetic Equation Propagation.
Introduction
The rapid development of analytical equipment for characterizing molecular interactions has been driven over the last two decades by the increasing demand for a better understanding of the specic interactions among biomolecules, which provide insights into fundamental biological processes and serve as the cornerstones of life science research, pharmaceutical discovery, medical diagnosis, food/water safety assurance, environmental monitoring and biomolecular detection (protein, DNA, small molecules, viruses, cells, bacteria) and homeland security [14] .
Label-free biosensors accomplish with suit of a few fundamental physical capacity connect to detecting biomolecular interactions and biological analytes that can include capture molecules, peptides, proteins, bacteria, or cells [58] . Photonic crystal (PC) label-free sensors are based on a periodic pattern or structure of dielectric material in two or three dimensions optimized to provide an extremely narrow resonant mode whose wavelength is particularly sensitive to modulations induced by the deposition of biochemical material on its surface.
In practice, the sensor surface is illuminated with white light and the reected light from dierent locations is collected. By analyzing the changes in the wavelength of the reected light, biochemical binding events occurring on the surface can be detected and quantied. In general, label-free biosensing with optics relies on detecting changes in a local parameter such as absorption, refractive index (RI), or scattering [9, 10] .
Extensively TiO 2 has been used for dierent applications such as DNA biosensor [11] , enzyme immobilized * corresponding author; e-mail: mkaraaslan@mersin.edu.tr platforms [12, 13] , detection of Pseudomonas aeruginosa [14] and detection of toxic compounds [15] , photonic crystal optical biosensor [16] , atomic layer deposition [17] and electrochemical biosensor [18] . TiO 2 nanotubes have been used to immobilizing proteins and enzymes in biomaterial and biosensor applications because of high sensitivity at the near-infrared (750 nm) and near-ultraviolet (400 nm) wavelengths [19] . It has been demonstrated that the large surface area, good chemical stability and nontoxicity of the TiO 2 have been achieved with dierent nanocomposite and 3D macroporous structures [20, 21] .
Beside this, TiO 2 is very important for many application areas such as, photocatalysts, sensors and solar cells.
Since, TiO 2 have broad photonic bandwidth and optical absorption level is ten times less than that of the silicon at optical communication wavelength (1.5 µm) [22] , it can restrict more easily to the guided resonance modes.
Hence, incident wave couples easily with photonic crystals in microuid for any biosensor.
Because of the high refractive index of TiO 2 photonic crystals, TiO 2 is transparent for broad bandwidth. Therefore, the fabrication and design of this type of PC with TiO 2 is very attractive for visible light wavelength.
These properties are the basis of these structures as photocatalyst and sensor [22] . Although they have less sensitivity than some other sensors, we choose TiO 2 at PCs, since TiO 2 based PCs can be used for protein and analyte biosensing.
Comparing with traditional sensing techniques, it can be seen that nanoscale biosensors have advantages. Photonic crystal slab (PCS) devices are an important class of nanoscale biosensors [23] .
A PCS is a one-or two-dimensional periodically patterned dielectric slab [24, 25] . In-plane guided modes connement of light can be done by the higher refractive index (RI) dielectric material or can be guided resonance modes in the slab,
where coupling to externally incident optical beams is allowed [22] . The sensing by using guided resonance modes is very appealing.
PCs are now well acknowledged for their capability to control and manipulate the propagation of electromagnetic waves in conned space [26] . The work of Yablonovitch [27] and John [28] on such structures, often called photonic crystals, displays a range of frequency where propagation is completely forbidden. This is called the photonic band gap (PBG) and is analogous to the electronic band gap that is found in semiconductors.
A photonic crystal structure may be designed to ex- In the past decade, several groups have studied the applications of TiO 2 PC structures for RI sensing [5, 20] . In this work, we emphasize the theoretical properties of RI sensing in PCS devices to enhancement of recent studies of TiO 2 photonic crystal-based sensor devices. We estimate properties for guided resonance modes associated with these devices and determine that the type of guided resonance mode supported by the PCS can result in notably dierent sensing characteristics. This dierence is especially signicant in symmetric PCS structures, where the slab is suspended in water.
Computational methods
There are many parameters to consider in evaluating the performance of biosensors, including sensitivity, resolution (or detection limit). These are dierent parameters, but they are also related to each other.
Sensor sensitivity is an important parameter in eval- 
Resolution is another important parameter to consider in characterizing a sensor's performance. Sensitivity refers to the magnitude of a sensor's response to a given change in analytes on the sensor surface, and resolution refers to the smallest change in analytes that can be measured.
Our analysis focuses on PCS structures, the periodically patterned dielectric slabs described in Fig. 1 .
A PCS may be entirely described by a unit cell with a lattice constant, a, an associated hole radius, r, and slab thickness, t, seen in Fig. 1a . We analyze PCS structures made of a high-index material, titanium dioxide (TiO 2 , n = 2.62), immersed in a low-index uid, such as water (n = 1.33), ethanol (n = 1.3611), isopropyl alcohol (n = 1.3776) and hydrogen peroxide (n = 1.4061) [30, 31] . In the symmetric case shown in refractive index of surrounded uid causes a decrease of TE-like guided resonance frequency, as seen in Table I .
Hence, scattering in PCS decreases and quality factor increases. At the same time, more interaction with electric eld energy occurs in the hole region and lling factor
and sensitivity values increases. Same situation occurs in asymmetric PCS structure.
But, the value of resonance frequency shifted to lower values comparing with symmetric structure. Electric eld energy density and mode prole for fundamental (lowest order) TE-like guided resonance in an asymmetric PCS design is shown in Fig. 4 . Fig. 4 . TE-like guided resonance mode prole in an asymmetric PCS: (a) the electric eld energy density, ε|E|2, and (b) eld prole components (Ex, Ey, Ez) for a hole radius to period ratio r/a = 0.3.
Mode proles correspond closely to those of the symmetric design. The asymmetric design does, however, introduce a RI contrast with the substrate that is smaller than that of the water superstrate. The evanescent eld energy greatly aect the sensing characteristic and most of it exist in the substrate. Figure 5 shows transmission spectra for asymmetric PCS designs and surrounded medium excited at TE-like guided resonance frequencies.
A summary of mode properties for the TE-like guided resonance modes from Fig. 4 is shown in Table II . Fig. 5 . TE-like mode transmission spectrum asymmetric PCS for hole radius r = 0.3a. Units for the electric eld and electric eld energy are arbitrary and consistent between plots. Tables I and II. This situation makes the TiO 2 material appropriate for biosensor application at visible wavelengths. Also minimum eective refractive index forms a suitable situation for the analysis of biologic tests in the sensing region and photonic crystal biosensor performance.
As a result, we investigated the TE-like modes of TiO 2 photonic crystal slab in symmetric and asymmetric structure and showed how the variation of refractive index aects the bulk spectral sensitivity and resonance quality factors. Finally, analysis of modal eld distributions suggests that TE-like resonance sensors may be suited for protein and biomolecule detection.
